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Muon spin relaxation measurements on Bi2Ir2O7 show that it undergoes a bulk magnetic tran-
sition at 1.84(3) K. This is accompanied by increases in the muon spin relaxation rate and the
amplitude of the non-relaxing part of the signal. The magnetic field experienced by muons is es-
timated to be 0.7 mT at low-temperature, around two orders of magnitude smaller than that in
other pyrochlore iridates. These results suggest that the low-temperature state represents static
magnetism of exceptionally small magnetic moments, ∼ 0.01 µB/Ir. The relaxation rate increases
further below 0.23(4) K, coincident with an upturn in the specific heat, suggesting the existence of
a second low-temperature magnetic transition.
PACS numbers: 76.75.+i, 75.50.Ee, 75.47.Lx
Pyrochlore iridates are of interest in the field of frus-
trated magnetism because they offer a rare example
where 5d effective spin J = 1/2 magnetic moments
decorate the pyrochlore lattice of corner-sharing tetra-
hedra and are subject to competing spin-orbit interac-
tion, electron-electron repulsion, and crystal field energy
scales.1 Those pyrochlore iridates containing rare earths
are described theoretically by focussing on the Ir sub-
system,2–5 the interactions between the 4f magnetic mo-
ments,1,6,7 and the d−f exchange.8 Previous work has led
to predictions of interesting phases including a variety of
topological insulators,2,9–11 a topological semimetal with
Fermi arcs,5 and exotic quantum spin liquids,7 neighbor-
ing more conventional metallic and magnetic phases.
The series of rare-earth pyrochlore iridates A2Ir2O7
(A = Y and Pr–Lu) offers the possibility of tuning the
energy scales in order to access these theoretically pre-
dicted phases. Early experimental work found that with
increasing ionic radius of A the series goes from magnetic
insulators12 to unconventional metallic systems without
magnetic ordering.13,14 In those systems where the irid-
ium magnetic moments do order this is often,15,16 though
perhaps not exclusively,17 concomitant with a metal-
insulator transition.
To separate the interesting properties due to the rare-
earth and iridium ions, it is desirable to find compounds
without a rare-earth magnetic moment or f -electrons,
and a different ion size to yttrium. Bi2Ir2O7 offers this
opportunity. Having originally been noted for its metal-
lic conductivity and small Seebeck coefficient18 there was
a long hiatus in magnetic measurements on Bi2Ir2O7.
This sits between the Eu and Nd pyrochlore iridates in
terms of its lattice constant but the Bi3+ ion has a larger
ionic radius than any of the other reported pyrochlore
iridates. It is therefore interesting to see whether any
correlation can be found between the magnetic proper-
ties and either the lattice constant or the A3+ ionic ra-
dius. The recent study of Qi et al.19 showed that the
system remains metallic down to 2 K and that there
were no anomalies indicating any magnetic ordering in
the magnetic susceptibility down to 1.8 K, or specific
heat down to 50 mK. The specific heat exhibits an up-
turn below ∼ 250 mK but since this continues down to
50 mK it was not possible to determine whether this is
associated with a magnetic transition or another phe-
nomenon. The magnetic field dependence of the specific
heat is also exceptional, with a strong field dependence
of both the linear (γ) and cubic (β) contributions to the
low temperature values.19 While it is not uncommon for
γ to depend on magnetic field, β is normally associated
with the lattice contribution to the specific heat and this
would not suggest any dependence on magnetic field. The
resistivity shows a complicated temperature dependence
and the Hall coefficient in a field of 7 T changes from
∼ 2 × 10−8 Ωcm−1 above 100 K to −1.6× 10−7 Ωcm−1
below 30 K.19 The results give an exceptionally largeWil-
son ratio RW = pi
2k2Bχ/3µ
2
Bγ = 53.5, suggesting proxim-
ity to a magnetic instability or quantum critical point.19
Here we report a muon spin relaxation (µSR) study of
Bi2Ir2O7 extending down to 50 mK. In zero applied mag-
netic field we observe two transitions in the muon spin
relaxation rate. Our measurements in applied field exam-
ine how the static and dynamic magnetic fields contribute
to the muon spin relaxation in the different temperature
regimes. Finally, we discuss how our results on Bi2Ir2O7
relate to those on other pyrochlore iridates and constrain
the possible ground states for this material.
Polycrystalline samples of Bi2Ir2O7 were synthesized
from stoichiometric quantities of IrO2 and Bi2O3 us-
ing a solid state reaction technique in an oxygen rich
atmosphere, as described in Ref. 19 where the charac-
terization of the samples is detailed. In our µSR ex-
2periments, carried out using the MuSR spectrometer
at the ISIS Facility, UK, spin-polarized positive muons
(τµ = 2.2 µs, γµ = 2pi × 135.5 MHzT
−1) were implanted
into the randomly-oriented polycrystalline sample, which
was mounted in a ∼ 2 cm2 silver foil packet placed on
a silver backing plate. The spin polarization of the im-
planted muons is measured by recording the asymme-
try, A(t), between the positron count rates in detectors
placed on opposite sides of the sample, using the fact that
positrons are most likely to be emitted in the direction
of the muon’s spin polarization when it decays. Muons
stop within the sample at interstitial sites or near elec-
tronegative atoms and if they experience magnetic fields
perpendicular to their spin direction they will precess. If
the magnetic fields are coherent between muon stopping
sites then oscillations in the decay asymmetry may be
observed. Magnetic fields parallel to the muon spin do
not give rise to oscillations and depolarization only oc-
curs if the fields are fluctuating. For randomly-oriented
polycrystalline samples with bulk long-range magnetic
order this gives rise to a 2 : 1 ratio between oscillating
and non-oscillating components of the decay asymme-
try. The spins of muons stopping in the silver around
the sample are depolarized much more slowly than those
implanted in the sample and contribute a background to
the asymmetry data that can be assumed constant. Mea-
surements were carried out in zero applied magnetic field
to look for spontaneous fields within the sample and in
magnetic fields parallel and perpendicular to the initial
muon spin direction to probe the distribution of magnetic
fields within the sample.
Raw muon decay asymmetry data measured in zero ap-
plied field are shown in Fig. 1(a). Data analysis was car-
ried out using the WiMDA program.20 At all measured
temperatures from 50 mK to 10 K the muon relaxation
was described effectively by an exponential form:
A(t) = Abg +As[(1− f) exp(−λt) + f ]. (1)
The values of the constant background Abg = 12.2 %
and sample As = 9.8 % terms were fixed using the data
recorded above 2.5 K with f = 0. No oscillations were
evident in the zero field data. This function provides a
simple way of describing our zero field data that is effec-
tive across the whole measured range and shows clearly
where changes occur in the form of the data. However,
as we describe below, it may well be a simplification of
a more complicated underlying relaxation that is not di-
rectly apparent in the zero field measurements because
of the unusually slow relaxation rates.
The parameters λ and f obtained from fitting equa-
tion 1 to the zero field data are shown in Fig. 2. Above
2 K both parameters take constant values. We find two
temperatures at which λ increases steeply with decreas-
ing temperature. The guide to the eye shown in Fig. 2(a)
is the sum of two terms of the form λi(1− (T/Ti)
1.5)0.5,
each of which is taken to be zero above the respective Ti,
and a residual relaxation, λr, that is likely to be due to
paramagnetic electronic moments and the distribution
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FIG. 1: (Color online) µSR data with fits to eq. 1. (a) Zero
field: Solid lines show fits to the data described in the text
and dashed lines denote the initial, A(0), and background,
Abg, asymmetry values. (b) 100 mK: The apparent increase
in the baseline is due to the decoupling shown in Fig. 3 (b).
of fields from the nuclear moments. This allows us to
estimate by least-squares fitting the transition tempera-
tures T1 = 1.84(3) and T2 = 0.23(4) K, which are not
particularly sensitive to the choice of the exponents in
the power law. The corresponding relaxation rates are
λ1 = 0.15(1), λ2 = 0.06(1), and λr = 0.081(4) MHz.
The non-relaxing fraction, f , of the signal from the
sample changes over the region 1.5 to 2.25 K and is shown
in Fig. 2(b). Below 1.5 K, f = 1/3 within experimental
error. This suggests that spontaneous, static magnetic
fields develop throughout the volume of the sample below
the transition at 1.84 K. It is unusual to observe a simple
exponential relaxation in a static magnetic state, where
one would expect either oscillations due to well-defined
fields at muon stopping sites or a Kubo-Toyabe-like func-
tion due to a broad distribution of magnetic fields at the
stopping sites.
To attempt to elucidate the muon relaxation mecha-
nism and underlying magnetic state in Bi2Ir2O7 we car-
ried out measurements with a magnetic field applied par-
allel to the initial muon spin direction, the longitudinal
field (LF) geometry. These were performed at 0.1, 1, and
1.22 K. Increasing the applied field gradually decouples
the muon relaxation from the field distribution it experi-
ences from its surroundings, providing information on the
form of that field distribution. If the relaxing amplitude
of the signal [(1 − f) in eq. 1] is field independent this
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FIG. 2: (Color online) Parameters derived from fitting equa-
tion 1 to the zero field µSR data shown in Fig. 1. (a) Relax-
ation rate λ. The solid line is a guide to the eye. (b) Frac-
tional amplitude of the non-relaxing asymmetry, f . Dashed
lines show transition temperatures and limiting values of f .
suggests that dynamic local magnetic fields depolarize
the muon spin, whereas a static field distribution results
in a growth of the constant part of the signal (f in eq. 1)
as the applied field exceeds the characteristic static field.
The relaxation rate λ can also show informative trends
with the applied field B.
We used two approaches to analyse the LF-µSR data
shown in Fig. 1(b), firstly considering a situation where
magnetic dynamics contribute significantly to the ob-
served relaxation, and secondly concentrating on a qua-
sistatic scenario. In the first of these we fixed the ampli-
tudes of the relaxing and constant components of eq. 1 to
their zero field values, leaving λ as the only free param-
eter. The field dependence of λ at the three measured
temperatures is shown in Fig. 3(a). The relaxation rate
decreases with applied field as is conventionally expected
and we fitted the field dependence using a modified ver-
sion of Redfield’s equation, as used in Ref. 21:
λ =
2γ2µ∆
2τ
1 + γ2µB
2τ2
+ λ0. (2)
The constant γµ is the muon gyromagnetic ratio, ∆ de-
scribes the width of the field distribution, and τ is the
characteristic timescale for the spin fluctuations experi-
enced by the muons. We found that the quality of our
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FIG. 3: (Color online) Parameters derived from two ap-
proaches to fitting the muon data in a magnetic fieldB applied
parallel to the spins of the implanted muons. (a) Relaxation
rate λ with fixed f . The solid and dashed lines represent fits
to eq. 2 with and without a field-independent offset value λ0.
(b) Non-relaxing fraction, f , with λ allowed to vary. The solid
and dashed lines represent fits to equations 3 and 4 respec-
tively. The dotted line is discussed in the text. Each fitting
methodology is described in the text.
fit to the field dependence was improved considerably by
adding a field independent offset λ0 ∼ 0.01 MHz, as was
found for Yb2Ir2O7 [λ0 = 0.05(2) MHz],
21 and as can
be seen in Fig. 3(a). However, λ0 does not make a large
difference to the extracted values of ∆/γµ = 0.35(2) mT
and τ = 1.1(1) µs for 0.1 and 1 K, with ∆ decreasing
and τ increasing slightly at 1.22 K. ∆ is thus an order of
magnitude smaller in Bi2Ir2O7 than in Yb2Ir2O7 and τ is
three orders of magnitude larger.21 To get an exponential
muon spin relaxation due to motional narrowing requires
(∆τ)−1 >∼ 3. The value obtained from the fitted param-
eters is 3.05, suggesting internal consistency. However,
it is not possible to determine these parameters inde-
pendently from the zero field data and the change of f
around 1.84 K is not obviously compatible with this fit-
ting function since f should be zero at all temperatures.
This analysis therefore excludes strongly dynamic local
fields and suggests that the field dependence of λ must
result from a quasistatic distribution of local fields, as we
discuss in more detail below.
The second approach was to allow the amplitude of
the constant component of eq. 1, f(B), to vary (with λ
4as a free parameter) and the values of f(B) are shown
in Fig. 3(b). We took two different models for the field
dependence of f to compare with the data: a single char-
acteristic field Bc,
22
f(B) = f0 + F
(3
4
−
1
4b2
+
(b2 − 1)2
8b3
log
∣∣∣b+ 1
b− 1
∣∣∣
)
, (3)
where b = B/Bc, and a quadratic-type decoupling func-
tion appropriate for a Lorentzian distribution of fields,22
f(B) = f0 + F
b2
1 + b2
. (4)
We note that the quadratic-type decoupling appears to
describe the data better than decoupling from a single
characteristic field and this suggests that there is a dis-
tribution of fields around the characteristic field. To fur-
ther model this decoupling we fitted a weighted sum of
two terms of the form of eq. 3 with different characteris-
tic fields. This is shown as the dotted line in Fig. 3(b) for
0.1 K, with characteristic fields of 0.37(3) and 1.4(2) mT,
and a fractional amplitude of 0.31(4) associated with the
higher field. The values of Bc coming from these three
fits are again very similar, with Bc = 0.68(9) mT from
eq. 3, 0.73(3) mT from eq. 4, and a weighted average of
0.69(9) mT from the two field model. Fitting the data
to a Lorentzian Kubo Toyabe function with this width
proves successful and this can be used to fit the data up
to around 1.84 K, where the amplitude of this term and
the background change similarly to those of eq. 1, giving
further grounds for identifying a transition at T1.
Transverse field measurements (B = 2 mT) were per-
formed to search for more strongly magnetic regions
within the sample, but no discernible temperature de-
pendence was evident in the asymmetry of the oscilla-
tions and the relaxation rate was compatible with the
zero field measurements. Thus we have no evidence for
strongly magnetic regions dispersed within the sample.
Given the small magnetic field experienced by the im-
planted muons, Bc = 0.7 mT, Bi2Ir2O7 seems to be quite
exceptional compared to the Pr (9 mT),14 Nd (67 mT),17
Y (95 mT),21 Eu (99 mT),16 and Yb (113 mT)21 py-
rochlore iridates. The iridium moment size in Eu2Ir2O7
was estimated from muon measurements16 to be µIr ≈
1.1 µB whereas in Nd2Ir2O7 the absence of magnetic
Bragg peaks placed an upper bound on the moment size
of ≤ 0.5 µB.
17 Taking the magnetic field experienced
by the muon to scale with the moment size suggests for
Bi2Ir2O7 that 0.005 < µIr/µB < 0.01, the upper limit be-
ing quite close to the saturation magnetization at 1.7 K
of 0.013 µB/Ir.
19 Because of the exceptionally small mo-
ment it is hard to elucidate whether persistent fluctu-
ations of an ordered state are present, as was suggested
from µSR data for Eu2Ir2O7,
16 BaIrO3,
23 and Sr2IrO4.
24
The low transition temperatures of Bi2Ir2O7 are also ex-
ceptional in this series, with most members showing mag-
netic transitions at temperatures above 100 K, except
Nd2Ir2O7 (TN = 8 K)
17 and Pr2Ir2O7 where long-range
magnetic ordering has not been found down to 30 mK.14
Since the lattice constant of Bi2Ir2O7 is between those
of Eu2Ir2O7 and Nd2Ir2O7 we might anticipate its prop-
erties would be similarly intermediate, but this is not
the case. Alternatively, we can draw a comparison with
metallic Pr2Ir2O7, which has the next largest A-site ionic
radius in the series, shows more features in common,
but no Ir-moment magnetic ordering has been found in
Pr2Ir2O7 in spite of detailed studies showing other novel
features in its magnetic properties.14,25–27 The reduced
magnetic moment of the iridium ions and reduced order-
ing temperature for Bi2Ir2O7 may therefore be due to the
large ionic radius of Bi, but may also relate to the lack
of hyperfine enhancement from rare earth moments8 or a
greater degree of itinerancy or closer proximity to a quan-
tum critical point.19 A recent theoretical study of py-
rochlore iridates4 identifies a metallic antiferromagnetic
phase with significantly reduced magnetic moments and
ordering temperatures compared to the insulating anti-
ferromagnetic phase, but a similar all-in/all-out magnetic
structure. Such a description appears wholly compatible
with our results and the small, negative θCW = −2.3 K
found by Qi et al.19 We also note that only a small pro-
portion of the magnetic moment determined from the
Curie-Weiss fits, 0.1 µB,
19 appears to be associated with
the quasistatic magnetism, determined either from the
saturation magnetization measured in the bulk19 or the
µSR results presented here.
Finding two transitions in Bi2Ir2O7 at low temper-
ature draws another parallel with the two transitions
seen in other pyrochlore iridates such as Nd2Ir2O7
17 and
Y2Ir2O7.
21 These two transitions were suggested to result
from frustration preventing magnetic ordering above the
temperature at which it is relieved by a metal-insulator
transition, as opposed to the sharp onset of long-range or-
der in insulating pyrochlore iridates.16,21 Resistivity mea-
surements below 1.7 K have not been carried out so we
cannot complete this comparison, although the similar-
ity of the field-dependent results at 0.1 and 1 K suggests
that the magnetic states on either side of the transition
at 0.23 K are similar and therefore a dramatic change in
the electronic properties at that temperature is unlikely.
In conclusion, we have observed a magnetic transition
in Bi2Ir2O7 at 1.84(3) K below which the muon relax-
ation rate sharply increases and find evidence for a fur-
ther transition at 0.23(4) K. The associated change in the
µSR baseline asymmetry suggests that the upper transi-
tion represents the material entering a quasistatic mag-
netic state throughout its entire volume. The lower tran-
sition can be associated with a marked upturn in the
low-temperature specific heat below this temperature,19
but its physical origin remains unclear. From the mag-
netic field dependence of the µSR data we estimate the
fields experienced by muons in Bi2Ir2O7 to be two or-
ders of magnitude smaller than in comparable iridate py-
rochlores and this suggests a moment size, ∼ 0.01 µB/Ir,
compatible with the saturation magnetization previously
determined.19 Comparison with theoretical work4 sug-
gests that the low temperature state is likely to be a
5weakly antiferromagnetic metal, which has not previously
been observed in the pyrochlore iridate series.
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